Experimental Drainage Dynamics Study of Supercritical CO2 and Water in Low-Permeability and Heterogeneous Rocks  by Chun, Chang et al.
 Procedia Earth and Planetary Science  7 ( 2013 )  127 – 130 
1878-5220 © 2013 The Authors. Published by Elsevier B.V.
Selection and/or peer-review under responsibility of the Organizing and Scientific Committee of WRI 14 – 2013
doi: 10.1016/j.proeps.2013.02.003 
Water Rock Interaction [WRI 14] 
Experimental drainage dynamics study of supercritical CO2 
and water in low-permeability and heterogeneous rocks 
CHANG Chuna, Li Xufengb, Shen Zhaolia, Yu Qingchuna,* 
aSchool of Water Resources and Environment, China University of Geosciences (Beijing), Beijing, 10083, China 
bCenter for Hydrogeology and Environmental Geology, China Geology Survey, Baoding  071051, China 
Abstract 
Flooding experiments with deionized water and supercritical CO2 were conducted at 40 °C and greater than 8MPa 
pressure on two cores, a low-permeability sandstone and a heterogeneous carbonate specimen, obtained from rocks 
outcropping in the Erdos Basin. Located in the northern China, the Erdos Basin has a prospective potential for large-
scale CCS deployment. The drainage dynamics were investigated by using transient inlet and outlet pressures and 
transient flow rates of outflowing supercritical CO2 and water. We observed very different drainage dynamics and 
high residual water saturations that were interpreted as the combined results of:  i) the low permeability of the solid 
specimens, ii) the large difference in viscosity between CO2 and water, iii) the non-uniform displacement of pore 
fluids caused by sub-core heterogeneity.  
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1. Introduction 
Laboratory core flooding experiments show that the migration and trapping of supercritical CO2 is 
highly sensitive to sub-core heterogeneity, and that scCO2 (supercritical CO2) behavior is largely 
controlled by channeling mechanisms [1-4]. In particular, it has been widely demonstrated that CO2 
preferentially propagates through a network of high-permeability, interconnected pathways that act as an 
effective by-pass for the low-permeability portions of the rocks [5]. Despite this huge amount of 
experimental results, few data are still available on fluid displacement mechanisms and pressure buildup 
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dynamics in low-permeability, heterogeneous materials. These aspects are of pivotal importance because 
they control the storage efficiency and injectivity of this type of rocks. 
In this study, drainage experiments are conducted by injecting dry, scCO2 into two water-saturated 
cores from Erdos Basin, China. The average injection rate was kept approximately at 1.2 mL·min-1. The 
injection rate corresponded to a flow rate of 2  105 m3 scCO2 per year through a 50 m thick storage 
formation at a radius of 2 m away from the injection well. The injection rate was used based on the 
designed injection rate of 1  105 metric tonnes of CO2 each year at the Shenhua Group CCS site. Using 
the transient pressure at the inlet and outlet of the core holder and their pressure difference, and transient 
flow rates of water and scCO2 at the outlet, the dynamic displacement is first discussed in this paper. The 
experimental patterns observed in this study provide useful information for the managing of CO2 injection 
into low-permeability and heterogeneous Shenhua Group formations of the Erdos Basin, a site currently 
considered for CO2 geological confinement in China. 
2. Rock samples  
The rock cores used in the flood experiments were collected from Fengshan Group (dolomite of 
Cambrian age), and Taiyuan Group (sandstone of Carboniferous age) formations in the Erdos Basin, 
Northern China (Fig. 1).The length of the core samples is 5.90cm and 7.60cm for sample #1 and #2, 
respectively. The diameter is 5.00cm for both samples.  The pore volume and absolute permeability are 
12.4 cm3 (equivalent to a porosity of 0.107), 0.01mD and 6.14cm3 (porosity = 0.041), 0.72mD, 
respectively. Fig.1 clearly shows that sample #2 presents a high permeability zone (b) with relatively 
large but disconnected pores developing throughout the core (a). 
     
Fig. 1. Rock samples used in the experimental study: #1) the Carboniferous Taiyuan Group sandstone, #2) the 
Cambrian Fengshan Group dolomite.  
3. Experimental setup and procedure 
Fig. 2 shows the experimental setup for scCO2 core-flood experiments. The experimental apparatus 
consists of a gas cooling, a vacuum, a gas injection, a liquid injection, a core clamping, a circle and back 
pressure, and a measuring system. The core sample is put in the core holder, scCO2 and water can be 
injected into the core under constant flow rate or pressure. The whole apparatus is maintained at constant 
temperature (40°C) by use of a thermostat. 
Before starting the flooding experiments, each core was saturated with deionized water free of 
dissolved CO2. As a first step, we started injecting water until the pore pressure exceeded 8MPa. Then, 
dry scCO2 (99.9%) was injected into the core. When the cumulative volume of out-flowing scCO2 
reached ten pore volumes (PV) of the core, injection was stopped. Additional Experiments on another 
rock core with similar porosity and permeability (15.10%, 0.93mD) showed that the estimated water 
saturation decreased by 8.55% from 5 PV to 10 PV. However, it decreased only by 0.36% from 10 PV to 
20 PV, indicating that the displacement is very slow after 10 PV of CO2 injection, and the dry-out effect 
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is small for the time scale of interest. Therefore, the residual water saturation estimated using 10 PV of 
cumulative scCO2 outflows is a reasonable approximation. After drainage the core is weighted (m2). The 
residual water saturation is calculated: Swrr=(m2-m0)/(m1-m0). Where m0 is the weight of the dry rock core 
and m1 is the wet weight of water-saturated core. 
 
Fig.2 Experimental apparatus. 
4. Results and discussions 
 
Fig.3 Transient pressure at the inlet and outlet of the core holder and pressure difference (upper figures); transient 
flow rates of water and scCO2 at the outlet (lower figures) measured during the scCO2-flood experiments on both 
core samples. 
Fig. 3 shows the transient pressure measured at the inlet and outlet of the core holder, the pressure 
difference between the two core ends, and the transient flow rates of water and scCO2 measured at the 
outlet for the two core samples. For the two experiments, three transient periods can be distinguished: (1) 
water is steadily removed out of the core, with relatively stable pressures at the inlet and outlet, and stable 
outlet water flow rates; (2) scCO2 flows out of the core with unstable pressure, and the flow rate is also 
highly variable; and (3) scCO2 flows steadily out of the core, with relatively stable inlet and outlet 
pressures, pressure difference, and scCO2 flow rate. Table 1 shows scCO2 outflow and removed water 
during the three periods.  
The scCO2 and water displacement are controlled by sub-core to pore-scale heterogeneities, with most 
of the flushing concentrated in the high-permeability sectors of the cores. scCO2 displaces water from 
high permeability regions first, then from low ones but only under high pressure conditions. In the 
presence of sub-core-scale heterogeneity, scCO2 by passes the low-permeability regions, leading to 
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relatively high residual water saturation. The large pores characterizing the sample #1 behave as relatively 
high-permeability regions. Due to this hydraulic configuration, the main part of water is removed during 
the first period. Large fluctuations in scCO2 outflow rates are interpreted as an effect of the very low-
permeability of the rock specimen (see Fig.3). The high permeability zone of the sample #2 is represented 
by a channel with small pore volume 0.36mL, equivalent to 5.86% of the total pore volume. Thus water 
in this high permeability zone is first removed. Then scCO2 starts to invade the largest, but poorly 
interconnected pores, and effectively removes the largest amounts of water during the second period 
(2.34mL, 38.1% of the pore volume). Due to a higher permeability of sample #2, scCO2 flow rate is 
relatively stable during the third period (see Fig.3). 
We measured residual water saturations of 52.55% and 50.65% for sample #1 and sample #2, 
respectively, that reflect non-uniform flushing of the cores caused by sub-core heterogeneities. 
Table.1 Experimental results 
 Sample #1 Sample #2 
Period  1 2 3 1 2 3 
Time (min) 0~68 68~165 165~197 0~23   23~78  78~96  
scCO2 outflow rate (mL/s) 0 0.013 0.016 0 0.027 0.020 
Removed water rate (×10-3 mL/s) 1.06 0.26 0.14 0.24 0.74 0.31 
Removed water volume (mL) and 
fraction of the core pore volume 
4.33 1.27 0.26 0.36 2.34 0.33 
0.35 0.103 0.021 0.059 0.381 0.054 
Note that the removed water flow rate does not include the water initially stored in the pipeline between the core outlet and the 
back pressure gauge shown in Fig. 3. The spikes of water flow rate immediately before scCO2 outflow is caused by the sweeping of 
the water in the pipeline segment. 
5. Conclusion 
Two rock samples collected from Erdos Basin, China, were used to study the displacement of 
supercritical CO2 in heterogeneous, low-permeability, water-saturated media. The observed non-uniform 
displacement of resident water, likely related to channeling mechanisms, leads to high residual water 
saturation, and reduces the storage efficiency of the target formations. We plan to perform additional 
experiments to investigate in greater detail the effect of largely variable porosity, permeability and pore 
structure conditions in the rocks of the Erdos Basin; a region currently considered for CO2 geological 
confinement in China.  
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